A Gram-stain-positive, catalase-negative and rod-shaped bacterium was isolated from a brewery environment. Its phylogenetic affiliation was determined by using 16S rRNA gene sequence analysis. It was found that strain TMW 
The genus Lactobacillus represents a large group within the Gram-positive bacteria with over 140 species with validly described names at the time of writing. The high diversity and species number results from association with a wide range of different environments. Lactobacilli can be found on plants, associated with humans or animals or in manmade habitats such as food and feed fermentations. Typically, these ecological niches are rich in nutrients, enabling high growth rates for many species that may be regarded as generalists. Other such niches are characterized by clearly defined conditions selective for only a few highly adapted species.
A unique environment for a small number of specialized species of the genus Lactobacillus is found in breweries. Besides raw materials and process equipment, they even occur in storage tanks as well as in the finished product, where growth conditions are limited by low oxygen content, low pH and antibacterial effects of hop bitter acids and alcohol (Back, 2005; Suzuki et al., 2006) . Known species with significant beer-spoilage ability include Lactobacillus brevis, Lactobacillus lindneri, Lactobacillus paracollinoides and Pediococcus damnosus. Less common beer-spoiling bacteria are Lactobacillus buchneri, L. casei, L. coryniformis, L. curvatus and L. plantarum (Priest, 1996) . Recently, few newly discovered species of beer-associated lactobacilli have been described. An obligate beer-spoiling species, 'Lactobacillus backi', was typically found in lager, pils and wheat beers (Bohak et al., 2006) . The brewery environment offers niches allowing for adaptation of lactic acid bacteria to grow in beer (Behr & Vogel, 2009) . During routine hygiene monitoring, we isolated a strain that was not allocable to any known species. In this study, we report on the taxonomy of the novel strain isolated from a storage tank. The isolate is designated strain TMW 1.1424 T .
For enrichment and isolation of strain TMW To investigate the effect of NaCl on bacterial growth, cells were inoculated at 30 u C in mMRS broth supplemented with 4, 6, 8 and 10 % (w/v) NaCl in anaerobic atmosphere. Growth at 8 % NaCl was one quarter of growth at 5 % NaCl, and almost no growth was observed at 10 % NaCl. NH 3 production from arginine was not observed when determined as described by Bover-Cid & Holzapfel (1999) . L-Ornithine and L-lysine were decarboxylated.
To discriminate homofermentative from heterofermentative pathway gas production from glucose, fructose, gluconate and xylose (20 g l
21
), mMRS broth with Durham tubes was used. Glucose was generally not fermented by strain TMW 1.1424 T . Fructose and xylose were fermented without gas production. Gluconate was not fermented.
The enantiomer of the lactic acid produced was determined enzymically (Boehringer Mannheim). D-Lactic acid and Llactic acid are produced in a ratio of 4 : 1.
Carbohydrate fermentation of additional sugars was determined by using API 50 CHL strips with API 50 CHL medium (bioMérieux). Strain TMW 1.1424
T produced acid solely from D-fructose, D-ribose and D-xylose. Characteristics that differentiate strain TMW 1.1424
T from other members of the L. brevis clade of lactobacilli are summarized in Table 1 .
Fructose was simultaneously used as carbon source as well as electron acceptor to produce mannitol. Mannitol formation was detected by HPLC using a Metacarb 87P column (Varian) with a refractive index detector as described by Korakli et al. (2000) .
Resistance to isomerized hop extract is considered as a pivotal feature of beer-spoiling lactic acid bacteria (Simpson & Fernandez, 1992) . As strain TMW 1.1424
T was isolated from beer, its hop tolerance was evaluated by determining minimum inhibitory concentrations (MIC) of hop iso-aacid as previously described (Behr & Vogel, 2009 ) and magnesium (98 mg l
) content at 30 u C for 4 days. Neither glucose nor cysteine were added.
The MIC test was performed in a 96-well microtitre plate. Five ml precultured cells (OD 590 of 2) were used to inoculate the test volume of 200 ml. The concentration of iso-a-acid was increased gradually from 5 p.p.m. up to a concentration of 35 p.p.m. All experiments were performed in duplicate. After 48 h at 30 u C, visible growth was detectable only at 5 p.p.m. hop iso-a-acid (data not shown). This indicates a rather low beer-spoilage potential as compared to obligate beer-spoiling strains of L. brevis that are able to tolerate up to 11.6 p.p.m. (Behr & Vogel, 2009 ).
Metabolic activity in beer
Stationary phase cells were washed twice with 50 mM phosphate buffer (pH 6.8) and dissolved to an OD 590 of 2 in beer (pilsner). Five microlitres of the cell suspension was mixed with 200 ml beer in a 96-well microtitre plate and overlaid with 100 ml paraffin oil. L. brevis TMW 1.313 (high spoilage potential) and TMW 1.6 (no spoilage potential) served as positive and negative controls, respectively. Active metabolism was monitored after incubation for 48 h at 30 u C by addition of 10 ml resazurin (0.01 mM in 500 mM Tris, pH 8.8) as indicator. After one hour of incubation, change of absorbance (decoloration of resazurin) was measured spectrophotometrically at 590 nm by using a Tecan plate reader. No activity was detected for strain TMW 1.1424 T . Hop tolerance of beer-spoiling lactic acid bacteria is suggested to be a multi-gene trait (Fujii et al., 2005) . Thus, several genetic markers differentiating beer-spoilage ability were established. The horA and horC genes encoding multidrug transporters (Sakamoto et al., 2001; Iijima et al., 2006) , as well as hitA encoding a divalent cation transporter (Hayashi et al., 2001) , have been reported to correlate strongly with hop tolerance.
A PCR screening with primers specific for horA (for: 59-ATGCAAGCTCAGTCCAA-39; rev: 59-TCACCCGTTGCT-CGTCGC-39) and horC (for: 59-ATGTTCGATGTAAT-TCGT-39; rev: 59-TTATTTAATTTTGCGGTG-39) verified the presence of both genes, whereas hitA (for: 59-ATGAAAGAGGGTATTGAT-39; rev: 59-TTAACCAATCA-CGCCAAC-39) was not detected.
Phylogeny
The phylogenetic position of strain TMW 1.1424 T was determined by comparative sequencing of three phylogenetic marker genes (16S rRNA gene, tuf gene for elongation factor Tu and pheS gene for phenylalanyl-tRNA synthase alpha subunit). DNA was isolated with an E.N.Z.A. bacterial DNA kit (Omega Bio-Tek) according to the manufacturer's instructions. The complete 16S rRNA gene was amplified with primers 616V (59-AGAGTTTGATYMTG-GCTCAG-39 and 630R (59-CAKAAAGGAGGTGATCC-39). PCR products were purified by using the QIAquick PCR purification kit (Qiagen) and were eluted with 60 ml elution buffer. DNA sequences were determined by the chain-termination method using the ABI Prism Dye Terminator Cycle Sequencing kit. The almost complete 16S rRNA gene sequence of 1513 bp (EMBL accession number FN185731) was compared with those of the most closely related species retrieved from GenBank. Levels of sequence similarity were found to be 97 % with Lactobacillus parabrevis LMG 11984 T , 95.9 % with L. brevis DSM 20054 T and 96.2 % with Lactobacillus hammesii DSM 16381 T . A 16S rRNA gene sequence similarity lower than 98.7 % has been determined sufficient evidence that organisms belong to different species (Stackebrandt & Ebers, 2006) .
A phylogenetic tree on the basis of a multiple alignmentbased similarity matrix was reconstructed by the neighbour-joining method (Saitou & Nei, 1987) using the software package Bionumerics (Applied Maths). Unknown bases were discarded from the analyses. Bootstrapping analysis was undertaken to test the statistical reliability of the topology of the neighbour-joining tree by using 100 bootstrap resamplings of the data (Fig. 1) .
Additional neighbour-joining trees were reconstructed with tuf and pheS gene sequences (Fig. 2) . The tuf gene is highly conserved in the bacterial genome. The amino acid sequence of this gene differs by no more than 27 % between even the most divergent eubacterial species (Lathe & Bork, 2001) . For sequence analysis, tuf was partly (1041 bp) amplified with oligonucleotides complementary to conserved regions of other bacterial tuf genes. The forward primer was 59-CCAYGWAAAYATYGGTAC-39 and the reverse primer was 59-GTTRTCRCCAGGCATAAC-39. Annealing temperature was optimal at 56 u C. A 965 bp region was successfully sequenced (EMBL accession number FN185732). Sequence comparison revealed similarities of 94 % to L. hammesii DSM 16381
T and 92 % to L. parabrevis LMG 11984
T .
In addition to sequencing of the tuf gene, sequence analysis of the pheS gene, which has previously been proven to be a robust phylogenetic marker for lactic acid bacteria (Naser et al., 2005 (Naser et al., , 2007 , was performed. As published primers did not result in any PCR products, two new primers were designed on the basis of an alignment of available pheS genes from other lactobacilli: phe_forward, 59-CASGAT-ACSTTCTACATYAC-39 and phe_reverse, 59-ACCATAC-CRGCACCYARMACTTC-39. Annealing temperature was optimal at 54 u C. A 361 bp amplicon of pheS of strain TMW 1.1424 T was sequenced (EMBL accession number FN185733). Phylogenetic neighbourhood trees of both genes (tuf and pheS) confirmed the position of strain TMW 1.1424 T determined using the 16S rRNA gene sequence. pheS gene sequence similarities to L. parabrevis and L. hammesii are 91 and 86 %, respectively. These interspecies gap values correspond well to data previously reported by Naser et al. (2007) who determined values that in most cases exceeded 10 % divergence in lactobacilli.
Phylogenetic trees were also reconstructed according to two additional methods, a maximum-likelihood analysis and the maximum-parsimony method (Supplementary Figs S1 and S2, available in IJSEM Online) . Whereas branching position of strain TMW 1.424
T is stable with the maximum-parsimony algorithm, the topology with maximum-likelihood is markedly different from that based on the 16S rRNA gene sequence. However, the independent phylogenetic position of the strain remains.
Chemotaxonomy
The DNA G+C content was determined by HPLC analyses by the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany) following the protocol previously described by Tamaoka & Komagata (1984) . The DNA G+C value (mol%) was calculated according to Mesbah et al. (1989) . The DNA G+C content of strain TMW 1.1424
T is 46.6 mol%.
The presence/absence of meso-diaminopimelic acid (mDAP) in the cell wall peptidoglycan was determined by thin layer chromatography after total hydrolysis (6 M HCl, 16h, 100 u C) of whole-cell proteins following the procedure described by Marconi et al. (2000) . mDAP was not detected in strain TMW 1.1424 T .
DNA relatedness values were determined by using chromosomal DNA of strain TMW 1.1424 T and its closest neighbours in the 16S rRNA gene sequence tree, L. brevis, L. parabrevis and L. hammesii. Renaturation kinetics were performed by the DSMZ after the protocol of De Ley et al. (1970) with modifications described by Huß et al. (1983) . All experiments were performed in duplicate. Genomic DNA-DNA relatedness to L. brevis DSM 20054 T , L. parabrevis LMG 11984 T and L. hammesii DSM 16381 T was 52.8, 49.6 and 46.2 %, respectively. These values are significantly below the 70 % threshold repeatedly recommended as the boundary value for isolates allocated to the same species (Rosselló -Mora & Amann, 2001; Stackebrandt & Goebel, 1994; Wayne et al., 1987) .
Overall, the results of the present study show that the novel isolate constitutes a distinct branch and does not display a close relationship below the species level with any recognized organism. Moreover, the novel isolate could be distinguished from its close phylogenetic relatives on the basis of phenotypic characteristics. Therefore, based on both phylogenetic and phenotypic criteria, it is evident that the new isolate merits classification as a novel species of the genus Lactobacillus, for which the name Lactobacillus paucivorans sp. nov. is proposed.
Description of Lactobacillus paucivorans sp. nov.
Lactobacillus paucivorans (pau.ci9vo.rans. L. adj. paucus little; L. part. adj. vorans devouring; N.L. part. adj. paucivorans devouring few substrates, relating to the observation that the organism utilizes few carbohydrates).
Cells are Gram-stain-positive, catalase-negative, nonspore-forming and non-motile rods (1.5-5 mm in length and 0.9 mm wide), occurring singly, in pairs or in short chains. After 48 h, colonies are approximately 1-2 mm in diameter, whitish, circular, convex, smooth-edged or roughly textured with fringed edges. Grows at 15 u C, but not at 45 u C. Grows at 5 % NaCl but not at 10 % NaCl. Grows anaerobically and produces DL-lactic acid. Glucose is not fermented. Fructose is fermented without gas production. 
